Recent experimental and theoretical studies of very low energy collision induced vibrational relaxation in diatomic and polyatomic molecules are surveyed. Emphasis is placed on the novel features of the very low energy process; these require a full quantum mechanical treatment of the collision to account for the observations.
INTRODUCTION
Although collision induced vibrational relaxation has been studied for many years, it has only recently been discovered that very low energy collisions can lead to very efficient energy transfer. Conventional theories, such as that due to Schwartz, Slawsky and Herzfeld, 2 predict that the vibrational relaxation cross section decreases as the collision energy decreases, and is vanishingly small for collision energies near 1 cm-1. This prediction is in complete disagreement with experiments in a variety of systems, all of which imply that the very low energy vibrational relaxation cross section is of the order of magnitude of the (geometric) collision cross section. [3] [4] [5] [6] This paper presents an overview of the extant experiments and 9 10 theoretical studies of very low energy collision induced relaxation phenomena. We shall show that both qualitative and quantitative interpretations of the observed behavior follow from a full quantum mechanical treatment of the atom-molecule collision. 
EXPERIMENTAL METHOD
The most direct way of studying atom-molecule collision induced vibrational relaxation employs crossed, velocity selected, molecular beams. The conditions employed to generate molecular beams make it difficult to study the very low collision energy regime; to date only one such study has been reported. 11 The overwhelming majority of atom-molecule collision induced vibrational relaxation studies, irrespective of the collision energy range of interest, are carried out under "bulb conditions." In these experiments the average collision energy is varied by changing the temperature; and the lowest temperature that can be achieved is limited by a thermodynamic constraint, namely, condensation of one or both of the species that define the collision.
Rice and co-workers have devised a method for bypassing the thermodynamic constraint characteristic of bulb studies, thereby permitting study of the collision energy dependence of vibrational relaxation in the very low collision energy regime. 3 A few details concerning the properties of free supersonic jets are pertinent to our discussion. Under reversible adiabatic flow conditions the supersonic expansion is isentropic and, for an ideal gas,
where n is the gas density, 3' Ct, I C,,, the ratio of heat capacities, and the subscript zero refers to conditions in the source. If the expansion is considered to originate from a source sphere of radius r,, the temperature of the gas along the jet centerline is, for Mach number M >> 1, T 2 (y-l) ('-1)/ (__x (2) 00=y+l y+l where x is the axial distance downstream and r. depends on the nozzle diameter D. 13 Sufficiently far downstream the gas density decreases to the point that the assumption of hydrodynamic flow, made above, ceases to be valid, and the velocity distribution for motion parallel to the jet is characterized by a different temperature (1) than that for motion perpendicular to the jet (T+/-). Cattolica 
The carrier gas is labelled 1, the seed species is labelled 2, 2 is the seeded molecule-carrier gas molecule collision cross section (assumed constant), v is the relative velocity between carrier gas and seeded pecies molecules, and u is the bulk flow velocity. After transformation to center-of-mass and relative coordinates, and integration, the total number of collisions per seeded molecule per unit time with relative speed between v, and Vb is found to be (5) where is the reduced mass of the colliding pair. Given the functional forms for n(x) and T(x) implicit in Eqs. (1) To go beyond the qualitative analysis described in Section 3, and provide a proper theoretical basis for interpreting these results, Rice and coworkers have used several approaches. We shall describe these as follows" First, a formalism based upon an analogy with the analysis of neutron diffraction by molecules is proposed as a replacement for the exact close-coupling formalism of scattering theory. Since atompolyatomic molecule scattering is not amenable to a full quantum mechanical treatment, a qualitative means of understanding the experimental results is necessary. Even for smaller systems which might be studied by, say, the close-coupling formalism, a method based upon physically intuitive concepts will provide greater insight into the mechanism of scattering and energy transfer. Second, in the case of the simplest system studied experimentally, He--I2, full three dimensional quantum mechanical scattering calculations have been performed within the close-coupling formalism. 9 These results yield the most accurate description of the scattering event possible. Third, a rotational infinite order sudden model is utilized to examine the He--I2 rotational relaxation cross section. TM This approximation, which is expected to be valid under the experimental conditions, provides support for the observed trends. the geometry of the molecule and does not modify the internal structure of the molecule. Unfortunately, this is not the case. In neutron scattering, the neutron-nucleus interaction is of such short range that each nucleus is a distinct and isolated scattering center with initial and final state neutron wave functions accurately described by plane waves. In atom-molecule scattering, the potential interaction is always strong enough to distort the wave function of the atom, invalidating the plane wave (Born) description. In order to retain the simplicity and physical content of the correlation function representation which describes neutron scattering, it is necessary to include the effects of the atom-molecule interaction, and the most direct method for doing so is to introduce the Distorted Wave Born Approximation (DWBA).
Cerjan, Lipkin and Rice have implemented the DWBA-correlation function representation of atom-polyatomic molecule scattering. The collision induced transition rate is, in terms of the T-matrix elements, R 2r . , pl(k'a'lTIka)lES(E'--E'-e) (8) where t and a' represent the exact initial and final eigenstates of the molecule, k, and k', the corresponding momentum states of the projectile, and T is the full transition matrix. (Atomic units are used throughout.) The delta-function conserves energy in a process in which e is the energy transferred to the atom as the molecular energy changes from E to E'. The (10) where the influence of Vn is presumed small relative to that of V.
It is usual to choose the separation (10) so that one can solve the scattering problem excatly for VI, generating a form for the scattered wave functions. Then corrections are obtained as a power series in Vn.
Let the total wavefunction be written as
vhere Xk is the exact atom wave function and we have explicitly indicated the dependence on V. It is then fairly straightforward to show that
where in constructing (12) we have discarded all higher powers of V than the first. The plusses and minuses refer to incoming and outgoing waves, respectively. Letting T,, <X(k,
and T#, <X(v (V,)IV,,Ix(
and substituting (12) in (9), we find
+ (((Tk)+(t)T,)) + (((Tk)+(t)Tk))} Tk,k(R) E e ir'(R>Cj(R) (15) where f/and Cj are real and include the possible anisotropic couplings.
The rate expression is given by R I_ dte-i'E ((e-(n('))C'(R(t)) err(n)C(R))) (16) Expanding the time dependent terms in the rate expression to first order in the normal mode displacements of the molecule, and retaining only the downward transitions, the rate becomes
ii' (17) (m) where avib denotes the ruth vibrational state of the molecule and aa is a constant depending upon the normal mode characteristics.
Several general features may be seen in the rate expression (17) .
First, the distorting effect of the potential, and possible multipolar couplings, are contained in the time independent elements. The magnitudes of these factors will significantly affect the possible scattering outcomes, controlling the amplitudes of the different potential contributions to the rate. Second, if each of the successively higher order processes decreases in magnitude, corresponding to an expected decrease in coupling as the separation of the states increases, then the vibrational transitions to nearest neighbor levels will generally be favored. For the weak interaction potentials assumed here, this assumption is probably valid, as manifested by the observed propensity rule for one vibrational quantum transfers. Third, if special symmetry restrictions constrain the internal motion of the system, then it is to be expected that certain vibrational energy transfer processes, which might otherwise be dominant, are not allowed or greatly suppressed.
It is also important to examine the low energy vibrational relaxation process as completely as possible from first principles. Due to the complexity of the quantum mechanical inelastic scattering problem, only the simplest system, He--I2, can be adequately treated within the full close-coupling framework. (19) 
where the -,'j'r,-,,j are the T-matrix elements for different (n,/', l) transitions with total angular momentum J and where K 2-
(o-E).
The potential chosen to represent the atom-molecule interaction is a pairwise sum of Morse functions, which is believed to be an accurate description for these systems2. The I2 potential was deter-mined by fitting spectroscopic data, and the He--I interaction was determined by examining the van der Waals pre-dissociation data for He--Ia.
zl With these choices, the integration of the partially decoupied equations was carried out by using both the log-derivative and VIVS integration schemes3. The basis set and integration parameters were varied until convergence was achieved. The variation of the calculated cross section with respect to increasing translational energy is given for the processes (24,/' (---25, 0), (24,/' (---25, 2), (0,/'(---1, 0) and (0,/" (--1, 2) in Figures 14, 15, 16 
CONCLUDING COMMENTS
The very low energy collision induced relaxation of polyatomic molecules is rather different from the behavior predicted by models which do not fully incorporate the quantum dynamical features of the scattering process. The research reported in this paper, although showing a rather satisfying agreement between observation and theory, only scratches the surface--we are convinced that many more aspects of the very low energy process remain to be discovered, and that their interpretation will challenge the quality of our theoretical understanding of scattering phenomena. 
